INTRODUCTION
The mixing of surfactants as well as synergism upon mixing has long been the subject of intense interest in academic and commercial circles, and this interest has accelerated the accumulation of knowledge regarding the performance of surfactants in the theoretical as well as applied aspects. During three decades from 1940's to 1960's 69 papers related to mixed surfactant systems were published; in 1970's 129; and in 1980's 436 papers. Consulting Sci Finder Scholar, in the period from 1990 up to the first half of 2007, about 2,700 references are found containing the concept "mixed surfactant system". In addition, when "surfactant mixture" entered into the Sci Finder Scholar, more than 25,000 references are found containing the concept "surfactant mixture" since 1990. The great number of references tells us that many researchers have paid attention to, or made effort regarding the studies on surfactant mixed systems. In doing so they have greatly contributed to the field of science as well as application of surfactants and related substances such as fatty acids, fatty alcohols, amines, lipids, sterols, stanols and polymers (synthetic ones and proteins).
We can consult an overview of the theoretical aspect of mixed micelle formation [Chap. 10 . Among these monographs, for example, how the Krafft points can be changed, which is desired to be lowered for application, is known from the text 3) on the basis of the previous work performed in 1980 4) . A monograph collecting systematically the most recent studies is also available for "mixed surfactant systems" 5) , following the previous two collections 6, 7) . On the other hand, a new
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field in the research of such binary mixed systems involving different fatty acids is being opened up 8, 9) . This will probably result in crucial hints for improving surfactant performance.
For the mixture of two surfactants undergoing micelle formation above a critical micelles concentration (CMC), the solution properties fall either between or outside the solution properties of the two-single surfactant solutions. This is also the case for the CMC of a binary surfactant solution. Clint 10) has given us the relation between mole fraction and CMC of the i th component (i=1, 2) for ideal mixtures, and Rubingh 11) has made a comprehensive theoretical attempt to deal with non-ideal mixture on the basis of the regular solution theory (RST). How to apply the theoretical equations proposed by Clint and Rubingh is in detail described in the above references 1, 2) , and will be often introduced even in this review paper.
Amongst various combinations of non-ideal mixed systems, some mixtures such as those composed of fluorocarbon and hydrocarbon surfactants have been found to deviate positively from ideal mixing (as predicted by Raoult's law or Clint's equation) [10] [11] [12] [13] [14] [15] . Recently, a series of novel polymerizable hydrocarbon and fluorocarbon cationic surfactants (N-alkoxycarbonylmethyl-N-[Z-(N'-alkylacrylamido-)-ethyl]-N,N-dimethyl ammonium bromide) were found to form mixed micelles whose interaction parameter (based on RST 11) ) is 1.25, indicating the formation of one type of mixed micelles (Candau et al. 16) ). In contrast, even for a mixed system of fluorocarbon surfactants, a negative deviation has been observed. For the mixture of n-methyl-Noctanoyl and n-methyl-N-nonanoyl glucamides (MEGA-8 and MEGA-9, respectively) with sodium perfluorooctanoate (SPFO), the negative deviation is likely to come from a synergistically enhanced interaction between different head groups 15, 17) (In connection with this, the details will be introduced later.). Lange and Beck 18) have shown such negative deviation in mixtures of sodium dodecyl sulfate (SDS) and dodecyl octaoxyethylene.
Moroi et al. 19) and others [20] [21] [22] have investigated the mixture of ionic/nonionic surfactants to evaluate CMC since as early as the 1960's. Showing decreased CMC of Triton X-100 resulting from SDS and cetyl trimethyl ammonium bromide (CTAB), Moulik et al. 23) have concluded that the incorporation of the hydrophobic tails of the ionic surfactants into the interior of Triton X-100 micelles is thermodynamically favored whereas the reverse process is not. Further, they have performed a thermodynamic study on the micelle formation of ternary mixed systems of SDS, Tween-20 and Brij-35 24) . Very recently, Shiloash and Blankschtein have investigated synergism in mixed micelle formation and micellar growth in ionic/nonionic surfactant mixtures by applying surface tension and static light scattering measurements: one is dodecyl hexa (ethylene oxide) (C 12 E 16 ) with SDS and the other is C 12 E 16 with sodium dodecyl hexa (ethylene oxide) sulfate (SDE6S). It is noteworthy that the experimental mixed CMC and mixed micelle aggregation numbers compare well with those predicted by molecular-thermodynamic theory of mixed micellization 25) . From their work, plenty of insights can be deduced. In the mixed system of a nonionic surfactant (ndecanoyl-N-methylglucamide: MEGA-10) with a bile salt, sodium deoxycholate (NaDC), the CMC data analysis indicated that the properties of mixed micelles are different between the ranges below and above the composition of MEGA-10 (X MEGA-10 ) congruent to 0.2, whereas an azeotropic point exists and that the composition of mixed micelles is very similar to that of monomeric species in bulk solution 26) . In addition to the previous temperature study on MEGA series 27) , micelle and adsorbed film formation of MEGA-10 have been thermodynamically studied by means of surface tension measurements (drop volume method), for comparison with n-nonyl-b-D-thiomaltoside (NTM) being used as a protein-solubilizer 28) . As briefly introduced above, primary concerns are furthermore being concentrated on such ionic/ionic surfactants mixtures by various methodologies and theories.
Mixed systems of nonionic surfactants with anionic surfactants seem, in general, to show unique behavior differing from those of ionic/ionic surfactants mixtures. In addition, nonionic surfactants, having sugar-type hydrophilic groups are different from those with polyoxyethylene head groups. Considering that a binary mixed system of an anionic surfactant (sodium salt of a-sulfonatomyristic acid methyl ester: a-SMy Me) and MEGA-10 must give us some fresh information, we studied micelle formation in bulk phase of aqueous solution and adsorbed film formation at air/water interface for the a-SMy Me/MEGA-10 mixed film system 29) . The former (a-SMy Me), a top-heavy type surfactant assigned to the so called a-SF series, is known to be biodegradable, high in detergency and have tolerance against hard water [30] [31] [32] [33] , while the latter (MEGA-10), which has 5 hydroxyl groups with an amide bond, has been also used as a membrane protein solubilizer 34) . Previously, we have reported some studies performed by means of surface tension measurements as a series of works, i.e., adsorption and micelle formation of mixed surfactant systems in water I: a combination of top-heavy type anionic surfactants 35) , II: a combination of cationic Gemini-type surfactant with MEGA-10 36) , III: a comparison between cationic Gemini/cationic and cationic Gemini/ nonionic combinations 37) , and IV: three combinations of one of the most typical anionic surfactant, sodium dodecylsulfate (SDS) with MEGA-8, -9 and -10 (MEGA-n's) 38) , in addition to three combinations of zwitterionic surfactant, 3-[(3-cholamidopropyl)dimethylammonio]propanesulfonic acid (CHAPS) which is a derivative of cholic acid in pH 7.2 phosphate buffer solution. These works have followed the previous surface tension study on binary mixed systems of
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anionic/nonionic surfactants, in which synergistically enhanced surface activity and the relationship among compositions of monomers in bulk (X 2 ), micelles (Y 2 ), and adsorbed film at air/water interface (Z 2 ) were discussed in detail 39) . In this overview paper, mainly on the basis of studies on mixed systems of the nonionic surfactant MEGA-10 with different types of surfactants, "how the properties of surfactant mixed systems to be changed" or "to what extent to be synergistically enhanced in micellization as well as in adsorbed film formation" will be reviewed for the following counter parts of MEGA-10: (a) Anionic surfactants; (i) SDS as the most typical anionic surfactant having a straight hydrocarbon chain, (ii) sodium perfluorooctanoate (SPFO) as representative fluorocarbon surfactant, (iii) sodium deoxycholate (NaDC) as an example of naturally occurring bio-surfactant and (iv) sodium salts of a-sulfonato myristic acid methyl ester (a-SMy Me) and its isopropyl ester (aSMy Pr) to examine the effect of hydrophobicity difference in head group from which the effect of difference in chemical structure of hydrophobic and hydrophilic groups will be demonstrated. (b) Cationic surfactants; (i) 1,4-Bis(trimethylammonio)-2,3-dodecyloxy butane dibromide (BAGTB) as a representative cationic Gemini type surfactant and (ii) hexadecyltrimethylammonium bromide (HTAB) having a single hydrocarbon chain, from which a comparison between BAGTB and HTAB may be elucidated in terms of mixing effect. (c) Nonionic surfactants; (i) n-nonanoyl and noctanoyl N-methyl glucamines, MEGA-9 and MEGA-8 and (ii) polyoxyethylene (10) lauryl ether (C 12 E 10 ) polyoxyethylene 10 cetyl ether (Brij56) from which the favorable raise of the cloud point may be expected. And (d) a zwitterionic surfactant, CHAPS 40) for comparison with different types of surfactant indicated above in various aspects. The binary mixed systems of CHAPS have been investigated for three combinations with MEGA-n's in pH 7.2 phosphate buffer solution 40) . These series works will be primarily reviewed in this article.
EXPERIMENTAL
All the materials used for this series work have been described in terms of their sources and purities in the respective reports [35] [36] [37] [38] [39] [40] . It may be worth noting the surface tension measurements even in the present review paper.
The surface tension (g) measurements were performed on the basis of essentially the same drop volume method as reported previously, but an automated surface tensiometer (Yamashita Giken YDS94) was used in the present series studies. The measurement temperature was controlled by the use of a system (Yamashita Giken, YCS9211) for the surface tensiometer with an accuracy of 0.03 . The first drop was permitted to stand for 1.5 h in order to attain the temperature equilibrium, and then, in order to estimate the approximate size of the drop the coarse shift of the micrometer was first determined. To attain the adsorption equilibrium, the drop squeezing process was composed of three steps, using a computer system. First, a pendant drop whose size was given by ca. 80 of the micrometer shift for a drop was permitted to stand for 15 min (or 20 min if necessary, depending on the stability of measured values), and then an additional 5 was exposed taking 10 s as the second step. And finally the pendant drop (of ca. 85 of a falling drop) was squeezed out at a speed of 1 mm s -1 . One measured point was determined from at least five measured values. Whether the measured values for a sample solution scatter in disorder or not, depends in most cases on the chemical species (especially on the structure) or its concentration. Aratono and his coworkers who have developed the drop volume method in collaboration with Yamashita Giken have reported that the accuracy of this drop volume method has been confirmed to be sufficiently high from comparison with the results determined by the most reliable method of image analysis of pendant drop 41) . Wilhelmy plate method (ca. 4 cm perimeter) with a Dataphysics DCAT 11 tensiometer connected to a water circulator (HAAKE B3) was also applied in a few cases 38, 40) . Other methods such as electro conductivity measurements applied to ionic surfactants solutions are noted in each paper in point.
RESULTS AND DISCUSSION
Surfactants applied most widely are ionic ones, i.e., anionics or cationics. Of these the former ones are much more produced and used, accordingly, at first a few combinations of anionic/nonionic mixtures will be introduced, and then followed by cationic/cationic or cationic/nonionic mixtures and nonionic/nonionic mixtures. In Part I mainly mixed micelle formation, and in Part II mainly adsorbed film formation will be described. At first let us describe the mixed system of the most typical and most conventional anionic surfactant SDS with MEGA-n's in terms of such parameters as CMC, pC 20 , CMC/C 20 , the surface excess concentration, G t , and the minimum surface Gibbs free energy of adsorbed film, G min (S) . shows three sets of the plot of surface tension (g) against logarithmic total concentration in molality (m t ) for the respective pure systems together with two selected mixed systems of SDS with MEGA-n's, the mole fractions G. Sugihara, S. Nagadome, S-W. Oh and J.-S. Ko of which are indicated in the respective frames (a), (b) and (c). In addition, includes the results for a-SMy Pr/ MEGA-10 in frame (d). The g -ln m t curves for other mixtures at different mole fractions are not shown in order to avoid overcrowding. The concentration giving a clear break in the curve of each single system is, needless to say, CMC, while the CMC for the mixtures is assumed to be the concentration giving the minimum as has previously been reported 39, 42) . In some cases surfactant mixtures show such minima because one surfactant acts as an impurity against the others, especially in the case of mixed systems of monovalent ionic surfactants with MEGA-n's 17, 29, 42, 43) . tells us the following items. (i) The CMC value of MEGA-n single systems decreases with increased hydrocarbon chain length (MEGA-8 > -9 > -10) as was reported previously 27) .
(ii) The slope of the g -ln m t curve below the CMC of SDS is steeper than those of MEGA-n's. (iii) Examining the measure of efficiency of adsorption, pC 20 , as proposed by Rosen 2) , the obtained values are 2.2, 2.7 and 3.2 for MEGA-8, -9 and -10, respectively. (iv) Compared with SDS, MEGA-n's have a stronger ability of surface tension reduction which is presented in terms of surface tension at CMC, g CMC : g CMC values are 35.5, 34.0 and 32.0 mN m -1 for MEGA-8, -9 and -10, respectively, while the g CMC of SDS is 38.7 mN m .
important feature is that all the mixed systems show a great synergism in terms of CMC as well as g CMC ; the g -ln m t curves of mixed systems are located on the lower concentration side of those of the pure systems. As is shown below, in the studies on combinations of MEGA-10 with a sulfonato-myristic acid methyl ester (a-SMy Me) and the propyl ester (a-SMy Pr) 39) [See ] as well as the studies on the mixed systems of sodium perfluorooctanoate (SPFO) with MEGA-9 42, 43) , the g -ln m t curves were found to appear on the lower concentration side of those of the respective single systems. These mixed systems are typical examples showing a marked synergism.
It is noted here that, as described later, for the mixed system of a cationic Gemini type surfactant: BAGTB with MEGA-10 36, 37) , synergism in surface tension reduction was found to be negligible or rather weak from the examination of partial molecular area (PMA) and the minimum surface Gibbs free energy at air/water interface (G min (S) ). In the case of BAGTB/MEGA-10, the g -ln m t curves of mixed systems showed neither a minimum around CMC nor notable synergism when compared with those of the respective single systems: i.e., g -ln m t curves of different mixtures fit between those of the two single systems and they appeared in the order of mole fraction 36) . It is of interest to note that the combination of MEGA-10 with a bile salt, sodium deoxycholate (NaDC) also showed neither a minimum around CMC nor positive synergism in regards to CMC 26) . As for the synergism in terms of surface tension reduction efficiency and its effectiveness, both of which were defined by Rosen 2) , different combinations mentioned above will be discussed later in comparison with the other mixed systems.
Other than the measure of 'efficiency' of adsorption, pC 20 , the CMC/C 20 ratio itself is also a kind of measure for evaluating micellization and adsorption behavior (Eq. 5.1 in p.217 of Ref. 2) 2) , so this value was also determined for each as is listed in . In regard to effectiveness of adsorption, i.e. the total surface excess G t = G 1 + G 2 , the following relation can be derived for such a mixed system as composed of a 1-1 electrolyte type ionic surfactant 1 and a nonionic surfactant 2 36, 37) .
( ) Where, X 2 denotes mole fraction of the surfactant 2 (nonionic) in bulk solution. It is noted here that X 2 can be related to composition in adsorbed film Z 2 , as will be shown later, so G t is also expressed as a function of Z 2 36,37) . The total surface excess, G t together with s defined as (s = (dg/dlnm t )/RT), was thus evaluated using the slopes of the straight line just below the CMC of g -ln m t curves ( ), and We have proposed a thermodynamic quantity for the evaluation of synergism upon mixing, that is, so called minimum surface free energy, G min (S) which is defined as follows 36, 37) .
( ) It is possible to regard G min (S) as the work needed to make an interface per mole or the free energy change accompanied by the transition from the bulk phase to the surface phase of the solution components. In other words, the lower the value of the free energy, the more thermodynamically stable surface is formed, or the greater surface activity is attained 37) . The G min (S) values are listed in . 3.1.2 Na salts of a-Sulfonato myristic acid methyl and propyl esters : (a-SMy Me and a-SMy Pr) with MEGA-10 Comparing the results shown about for SDS/MEGA-n's, the present subsection shall introduce those mainly for mixed systems of a-SMy Me and a-SMy Pr with MEGA-10 in regard to estimate of compositions of mixed micelles (Y 2 ) and mixed adsorbed films (Z 2 ) at equilibria as well as interaction parameters (w R and w A ) 39) . The schematically demonstrates the relations among X 2 , Y 2 and Z 2 . As has been found for the respective mixed systems of SDS with MEGA-n's to show markedly negative deviations from ideal mixing which can be calculated from the Clint equation 10) , both the mixed systems of a-SMy Me/MEGA-10 and a-SMy Pr/MEGA-10 also produced noteworthy curves of CMC -X MEGA-10 which conspicuously deviated from ideal mixing 39) (dotted curves in ). To interpret the negative deviation shown in , we employed Rubingh's equations [ ] which are widely used. At the CMC, the composition of surfactant i (i=1,2) in the micelle, Y i , is related to the monomeric concentration of surfactant i, C im and to the CMC of pure i,
In the system of surfactants 1 and 2, the Rubingh's equations are expressed as: ( ) where, C m is the CMC of the mixed system. Rubingh 11) has introduced an interaction parameter, w R in the mixed micelle on the basis of the RST:
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The substitution of the Y 1 value calculated from Eq.4 into Eq.5 produces the w R value at each X 1 . In and , the solid lines along open and closed circles were calculated by applying Eqs. and , where the interaction parameterw R values were taken as -2.1 for a-SMy Me/ MEGA-10 and -2.0 for a-SMy Pr/MEGA-10.
The simulated curves completely satisfy the experimental results. In the figure the broken lines correspond to the correlation between micellar composition Y 1 (in this case Y MEGA-10 ) and CMC. In other words, each micellar phase curve is equivalent to the CMC -Y MEGA-10 curve, and the singly dispersed (monomeric) phase curve is equivalent to the CMC -X MEGA-10 curve. The figure indicates that the aSMy Me/MEGA-10 mixed system has an azeotropic point at X MEGA-10 = ca. 0.4 while a-SMy Pr/MEGA-10 seems to have one at ca. 0.3, and also at these mole fractions the most stabilization in free energy is attained by the respective mixtures. The negative interaction parameters and its absolute value (-2.1 and -2.0) suggest a special interaction acting between N-methyl glucamine and a-alkyl sulfonic groups, which is much superior to the hydrophobic interaction between hydrocarbon chains. All the data related to micelle formation such as CMC, Y MEGA-10 , w R and activity coefficients f 1 and f 2 are listed in in Ref. 39 39) . 3.1.3 Sodium perfluorooctanoate (SPFO) with MEGA-9 in comparison with SPFO/sodium decyl sulfate (SDeS) mixed system A similar negative deviation has been observed even for MEGA-9/SPFO mixed system 15, 17) . Since fluorocarbon surfactants possess not only hydrophobicity but also oleophobicity, the interaction between fluorocarbon and hydrocarbon chain in micelle is mutually phobic (repulsive) causing a positive deviation from ideal mixing. This phenomenon has been observed for various ionic-ionic surfactant mixtures 12, [42] [43] [44] [45] [46] [47] [48] , and from the aspect of chemical structure the mixed micelle formation has been examined 48) . Nevertheless, the combination of MEGA-9 with SPFO shows the lower CMC and the higher surface activity than those of the respective pure components.
We have once investigated pressure effect on micelle formation in mixed systems of SPFO with hydrocarbon surfactants: SDS, sodium decyl sulfate (SDeS) and MEGA-9 15) , and with . In is shown a correlation of .
surface tension with logarithmic molality for the respective single systems of MEGA-9 and SPFO in addition to their mixed systems; the figure demonstrates a remarkable synergism in surface activity enhancement, while brings out a conspicuous contrast of CMC-X SPFO relation between SDeS and MEGA-9; the former, positive deviation coming from what both surfactants form completely demixed micelles but the latter, negative deviation from ideal mixing which exhibits a prominent mutual miscibility in micelles. Interestingly comparing the SDeS/SPFO and MEGA-9/SPFO in connection with pressure dependence of CMC, the latter is little in the dependence the former shows a maximum at ca. 1200 atm being characteristic to ionic surfactants. The negative deviation was interpreted as evidence that SPFO and MEGA-9 are miscible in micelles with the aid of a reduction in the repulsive force between head groups probably resulting from the penetration of the nonionic surfactant into the space between the ionic head groups 15, 17, 48) . This is the case of not only aSMy Me/MEGA-10 but also a-SMy Pr/MEGA-10 mixed systems 39) .
2
Apart from the investigation of anionic/nonionic surfactants mixed systems by surface tensiometry it must be informative or suggestive to investigate an anionic/anionic mixed systems by means of different measurements such as electroconductometric and fluorometric techniques. 3.2.1 Hydrocarbon/fluorocarbon anionic surfactants mixture Micelle formation of a combination of hydrocarbon/fluorocarbon anionic surfactants: sodium n-tetradecylsulfate (STDS) and sodium perfluorononate (SPFN) in water, was studied paying special attention to the interaction between the two surfactants and the aggregation number, N, as a function of composition in the mixture (X STDS ). The CMC at each composition was determined at discrete temperatures by plotting the derivative specific conductance (∂k/∂c) against the root of molarity ( c) at 40 . This plot enabled us to determine the CMC even in solutions with added salt (NaCl) and thus estimate the degree of counterion binding onto micelles (b) for both single systems from the Corrin-Harkins relation. The micellar composition of STDS (Y STDS ) and interaction parameter were estimated on the basis of Rubingh's and our theoretical equations (see below), and the results obtained from the respective equations were compared 49) . The both results are shown in and . Although Rubingh's and our own equations resulted in a phase diagrams, both suggested that the interaction mode between two surfactants and the state of formed micelles are remarkably different depending on the net mole fraction in the surfactant mixture (X STDS ) or Y STDS . According to our equations taking into account the counterion effect on mixed micelle formation i.e., the degree of counterion binding, we found the existence of an azeotropic point and a region of mole fraction showing that almost completely demixing micelles are formed (0 < X STDS < 0.2) 49) . It is noted that Rubingh's equations are generally applicable to any type of combinations of binary mixed systems, such as ionic-ionic, ionic-nonionic and nonionic-nonionic surfactants, however, his equations do not account for the mutual counterion effect in the binary ionic surfactant mixture. We have applied the following equations for micelle formation of ideal mixing to binary ionic surfactant systems [49] [50] [51] [52] .
( ) ( ) where b 1 and b 2 denote the degrees of counterion binding for surfactants 1 and 2, respectively. These equations allow us to calculate C m from Eq. as a function of X 1 , if , C 1 0 , C 2 0 , b 1 , and b 2 are known. Then, micellar composition Y 1 can be also calculated from Eq. . Further, for any mixed system of either ideal or non-ideal mixing, we have derived equations including an interaction parameter, w 0 , from the idea introduced in Eqs. and so as to be more generally applicable to given systems, as follows 10,43,50,51a) .
Applying Eqs. and in addition to Eq. the values of Y STDS , w 0 and activity coefficients f 1 and f 2 were determined, as listed in of Ref. 49 49) . First of all it should be noted that the uniquely high value of w 0 at X STDS = 0.05 is regarded as an azeotrope (X STDS = Y STDS = 0.05): this point was confirmed by repeated measurements which always produced a good agreement. Interestingly, the values of Y STDS at the range of 0.05 < X STDS < 0.2 were found to fall into ca. unity. These measured and calculated results are plotted in . In this figure the curves of singly dispersed phase and of micellar phase, which were calculated for ideally mixed micelle formation, are given by a dotted line and a broken line, respectively. A comparison of the respective phase curves of ideal mixing obtained from 
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Rubingh's equations ( ) with those from ours ( ) makes us to recognize a great difference. Further, indicates a clear distinction above and below X STDS = 0.2. In the region below X STDS = 0.2, on the left hand side of the azeotropic point (X STDS = 0.05) fluorocarbon rich or fluorocarbon only micelles are formed, while on the right hand side up to X STDS = 0.2, STDS dominant micelles (with few SPFN molecules) are formed. It is interesting that in the region above X STDS = 0.2 up to 1.0 the mixing of STDS and SPFN seems to be approximately ideal, activity coefficient values obtained also suggest the almost nearly ideal mixing.
as well as in Ref. 51 51) shows us that the mixing behavior, or mixed micelle formation, depends greatly on the mixing ratio itself, meaning that the interaction mode between STDS and SPFN reflects directly the relativity in composition, that is either minority or majority 49) . The results conclude that the existence of an azeotropic point and a region of mole fraction showing that almost completely demixing micelles are formed (0 < X STDS < 0.2).
Further, the aggregation number was measured by static fluorimetry using two pairs of probe P and quencher Q, and in addition, the microscopic environment inside micelles was investigated by the use of pyrene probe. These fluorescence studies also revealed that the miscibility of the two surfactants and the properties of micelles are distinctive at X STDS ≅ 0.2; above this mole fraction the two surfactants can form well-mixed micelles.
Comparison between cationic Gemini/cationic and
cationic/nonionic combinations Micelle formation (as well as adsorbed film formation) has been studied on a mixed systems of a cationic Geminitype surfactants with a cationic surfactant in comparison with another mixed system of a same Gemini-type surfactants with MEGA-10. The systems studied were BAGTB/ HTAB mixed system and BAGTB/MEGA-10 mixed system 37) . Even in this section, the estimate of micellar composition (Y 2 ) is mainly discussed in comparison between the results calculated using Rubingh's and our equations. . Open circles were simulated using our theoretical equations correspond to the respective micellar composition curve (Y STDS curve). Dotted and broken lines are projections of singly dispersed phase and micellar phase curves of ideal mixing using our theory, respectively. The solid curves along open circles at the right band side of graph represent the CMC-micellar composition calculated using Eqs. 8 and 9 49) . it is noted regarding Eqs. to that when b 1 and b 2 are zero and thus U is unity. Equations and are the same as those derived by Rubingh (Eqs and ). The interaction parameter used in Eqs and (w o ) is related to the activity coefficients f 1 and f 2 and the micellar composition Y 1 , as follows.
( ) Applying Eqs. and in addition to Eq. , the values of Y HTAB , w o and activity coefficients f 1 and f 2 were determined, as listed in in Ref. 37 . It is necessary to obtain the data of b 1 and b 2 , so the CMC was measured as a function of bromide ion concentration in solution with added NaBr. Applying the Corrin-Harkins plot 17, 37) , that is, the plot of ln CMC against ln (CMC + added NaBr), the degree of counterion binding was determined as 0.75 for BAGTB and 0.81 for HTAB (the plot is not shown here).
Using these values together with the respective CMC values, the theoretical curve for ideal mixing was calculated On the other hand, it should be noted that Rubingh's equations (Eqs and ) were derived without taking into account the effect of counterions on mixed micelle formation in the case of ionic surfactant mixtures. It may be said that in his equations a mixed CMC value itself involves the effect of counterion binding on micelle formation. In other words his equations are conveniently applicable to any combination of ionic/ionic, nonionic/nonionic or ionic/nonionic surfactant mixtures. Rosen has extensively used the equations (for evaluating the extent of synergism 2) . For the same purpose, we applied his equation even to the present case. As shown in , CMC-X HTAB and CMC-Y HTAB curves calculated from Rubingh's equations were used to construct a phase diagram. Calculated micellar composition and the interaction parameter, w R , are included in of Ref. 37 37) . The w R values are necessary when synergism in mixed micelle formation is examined as described later. In comparison of and the corresponding figure for BAGTB/MEGA-10 ( in Ref. 37) 37) , the latter resulted in comparatively regular changes with X 2 37) , while the curves giving the relations of CMC-X 2 and CMC-Y 2 for BAGTB/HTAB mixture have clear inflection points as shown in . It should be noted that the CMC-Y curves obtained for ideal (dotted line) and real mixed systems from Rubingh's equations ( ) are considerably different from those our own equations provided ( ); the former leads to the larger interaction parameter (w R = -0.16) as well as the apparently larger negative deviation than the latter (w 0 = -0.1). The apparently larger deviation is regarded as a result without taking into account the counterion binding effect. .
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micelles were determined as a function of composition in the mixture of dodecylammonium perfluoroacetate (DAPA) with dodecylammonium perfluoropropionate (DAPP) at 40 51-a) , using the same conductivity method as in the literature 49) . In order to determine the degree of counterion binding, b, from the Corrin-Harkins plot, the CMC was also determined in the presence of excess counterion (PA -and PP -) by the same conductivity method, where the PA -and PP -solutions used as solvents and mixed solutions of PA -and PP -in different mixing ratios were prepared by titrating the acids with NaOH solution using a pH meter.
The curve of CMC-X DAPP (the mole fraction of DAPP in the surfactant mixture) was finely simulated by Rubingh's equations (Eqs. and ), which enabled us to estimate the interaction parameter (w R ) based on the approximation of the regular solution. The curve fitting exhibited a slightly negative value (w R = -0.131), indicating that the mixing enhances micelle formation due to a greater interaction than those of the respective pure systems. On the other hand, to the same mixed system were simultaneously applied our theoretical equations (Eqs. and ) which were derived by taking into account the counterion effect. In contrast to the result estimated from Rubingh's equations, the latter analysis indicated that the mixing of DAPA with DAPP seemed to be ideal, i.e., the interaction parameter (w 0 ) was estimated to be nearly equal to zero. The difference between w R and w 0 is directly ascribable to the concentration of counterions to the free energy of mixed micelle formation. The measured b values were in an exact agreement with those calculated from the micellar composition estimated on the basis of our theory (Eqs.
).
Further in addition to DAPA and DAPP, dodecylammonium perfluorobutyrate (DAPB) was also examined in regard to the effect of the extent of the hydrophobicity of the counterions on solubility, CMC and the micellization temperature by Moroi et al. 51-b) . They reported as follows: The degree of counterion binding to micelles of DAPA and DAPP was near 1.0. Their micellar sizes were found to be very large from the static and dynamic light scattering measurements. The mixed CMC's were then determined for DAPA/DAPP, DAPA/DAPB, and DAPP/DAPB systems. The interaction between the perfluorocarboxylic acid anions in the mixed micellar state was investigated with use of the modified Rubingh's equations, which take the dissociation of the counterion in an aqueous solution into account. The interaction between the counterions was found to be small and they mixed almost ideally in the micellar state. The crystal structure of these surfactants was determined by X-ray diffraction to be arranged obliquely 51-b) . In addition, micelle formation of dodecylammonium surfactant with mixed counterions (perfluorocrboxylates and alkanesulfonates) has been investigated 52) . In regard to the synergism or interaction between ionic and monoionic surfactants in the adsorbed film and micelles, we have important literature worth introducing here. Aratono et al. have measured very precisely the surface tension (using the drop volume method) of dodecylammonium chloride (DAC) and tetrathylene glycol monocotyledon ether (C 8 E 4 ) as a function of the total molality of surfactants and the composition of C 8 E 4 at constant temperature under atmospheric pressure 41-a) .
Based on their thermodynamic procedure, the g -m t
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J. Oleo Sci. 57, (2) 61-92 (2008) curves were analyzed and phase diagrams of adsorption and micelle formation were drawn. From these they examined miscibility of the surfactants and the intermolecular interaction in both the adsorbed film and the micelles. Even in this DAC/C 8 E 4 mixed system a deviation from ideal mixing was observed and an attractive interaction was suggested. Furthermore, the phase diagram of micelle formation was shown to have an azeotropic point, and the strong interaction between the hydrophilic part of DAC and that of C 8 E 4 molecules in adsorbed films as well as micelles was clearly demonstrated. Considering the presence of counterions of surfactants in the solution, Aratono 
et al. suggested that not only the direct interaction between dodecylammonium ions and C 8 E 4 molecules but also the indirect one through counterion Cl -as the admissible mechanism of interaction must be deliberated 41-a) . A definite interaction mechanism has been derived from an examination of the intermolecular interaction in single electrolyte -C 8 E 4 systems that the ether oxygen of the C 8 E 4 molecules can interact attractively with cationic surfactant ion or counterion both in the adsorbed films and micelles. Therefore, the direct interaction is more plausible in the DAC/C 8 E 4 system. The detail about this system was given in the literature 41-b) .
3 3 3.3.1 Mixed system of MEGA-9 with MEGA-10 MEGA-9 and MEGA-10 are physically and chemically very similar, that is, they have the same hydrophilic group, N-methylglucamine, and a similar hydrocarbon chain different in carbon number only by one, therefore, the mixing of these surfactants can be considered to result in an ideally mixed micelle formation. Assuming that the mixed micelle is regarded as a mixed liquid and that this liquid is an ideal solution, the relation obeying Raoult's law should hold between the micellar phase and the monomeric phase. Therefore, if the CMC's of MEGA-9 and MEGA-10 are referred to as CMC 9 and CMC 10 respectively and the mole fraction of MEGA-9 in mixed micelle as Y 9 , then the micellar phase (corresponding to a liquid phase) must be equilibrated with monomeric species (corresponding to a gas phase) as a function Y 9 , Micellar phase ↔ Y 9 CMC 9 + (1 -Y 9 ) CMC 10 And the mole fraction of the latter (in bulk), X 9 , must be expressed as X 9 = Y 9 CMC 9 /{Y 9 CMC 9 + (1 -Y 9 ) CMC 10 } If this mixed system behaves as ideally as expected, the CMC values experimentally determined will coincide with the curve calculated. Plotting the CMC values against X 9 , the resultant figure demonstrated that the experimental data are well within error coincident with the curve of the ideally mixed CMC (not shown here) and suggested that micelles formed can be regarded as an ideal solution-like liquid phase. The present treatment based on the phase separation model for micelle formation is reasonable, since the previous light-scattering study 27) has revealed that the concentration of monomeric species is regarded approximately as equal to CMC even in the concentration range much higher than the CMC. This shows that the micellization of these nonionic surfactants can be approximately treated by the phase separation model. Any binary mixed system among MEGA-8 and MEGA-9, MEGA-10 may be expected to be ideal by nature 53) . 3.3.2 C 12 E 10 /MEGA-10 and C 16 E 10 (Brij 56)/MEGA-10 mixed systems The interfacial and thermodynamic properties of nonionic surfactants and their mixtures are of both theoretical and practical interest. The nonionic surfactants introduced here are polyoxyethylene (10) alkyl ether [C n E m ; m=10 and n=12, 16] and MEGA-10. The CMC's of pure surfactants and their mixtures were determined by surface tension measurements at different mixed ratios and temperatures 54) . Interfacial parameters such as the maximum surface excess (G max ) and the minimum area per molecule (A min ) at the air/water interface were also determined from surface tension data. Standard thermodynamic parameters of micellization and adsorption were also computed and discussed. Steady-state fluorescence studies were also carried out to determine the micellar aggregation number (N agg ) and the microenvironment polarity in the mixed micelle from the I 1 /I 3 ratio. The interaction parameters that measure the interaction between the surfactant molecules in the mixed micelle were computed by the Rubingh's approach. 1 H NMR was also used to investigate the interaction between the surfactants. The CMC-X 2 relations were found to be of negative deviation from ideal mixing 54) . This is indicative of some interaction between the surfactant molecules, which can possibly be due to (i) the interaction between the head groups of these surfactants through hydration, (ii) a small repulsive interaction between the oxonium ion of polyoxyethylene and the slightly positive nitrogen atom of glucamine, (iii) incorporation of MEGA-10 molecules lowering the steric repulsions between the large oxyethylene head groups, and (iv) reduction in hydration of the hydrophilic moiety of MEGA-10 due to the addition of C 12 E 10 /Brij56. The overall experimentally observed result can be attributed to the above factors 54) . As has been reported earlier 27) , MEGA-10 does not show a cloud point (C.P.) even if its solutions is heated to boiling temp. and large amounts of NaCl are added to its solution. However, the addition of NaCl depresses the C.P. of polyoxyethylene alkyl ethers 54) . This indicates that there is a considerable difference between the hydration of hydroxyl group of MEGA-10 with water and that of the oxyethylene groups of polyoxyethylene alkyl ether with water. In this regard, Rakshit et al. 56) have studied the effect of addition of MEGA-10 on the C.P.'s of both C 12 E 10 and Brij56. They found that C.P. of both C 12 E 10 and Brij56 increased as MEGA-10 was added. Since the C.P. was known to be above 90 , they examined the C.P.'s change of C 12 E 10 and Brij56 with addition of MEGA-10 at various mixing ratios in the presence of 1M and 2M NaCl. It can be observed from in Ref. 56 56) that although the C.P. was lowered in the presence of NaCl for pure C 12 E 10 and Brij56, MEGA-10 could cause a rise of C.P. for both C 12 E 10 /MEGA-10 and
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Brij56/MEGA-10 systems 54) . The lowering of the C.P. in the cases of pure C 12 E 10 and Brij56 suggests that NaCl removes water from near the micelle and thereby helps the micelles to approach each other easily. According to Kjellander et al., 55) the formation of clouds is entropy-dominated. The ethylene oxide group is highly hydrated, and the nonionic micelles are expected to have water deep inside. As NaCl is added, the amount of water available for the hydration of the polyoxyethylene moiety of the surfactant is reduced. Now, with two relatively less hydrated micelles approaching each other, the hydration spheres overlap and some water molecules are freed to increase the entropy of the system. At the C.P. the water molecules get totally detached from the micelles. The overall entropy is high, and hence the free energy change is relatively more negative 56) and the appearance of the C.P. is facile.
The increases in the C.P.'s of C 12 E 10 and Brij56 on addition of MEGA-10 are due to increased hydrophilicity offered to the system by MEGA-10. And because of that, even in presence of 2 M NaCl, the C.P. was not obtained at higher mole fractions of MEGA-10 in the mixture 54) .
4
Next, turning our attention to the composition of the adsorbed film phase comprising surfactants 1 and 2, we suppose an equilibrium between the mixed adsorbed film and the bulk, the concentration of which is CMC (denoted as m 1 + m 2 = m t ). And it is assumed that the amount of adsorbed species (in the adsorbed) is negligible compared with that in the bulk phase 39) . 3.4.1 Thermodynamic analysis of adsorbed film formation of a-SMy-Me and -Pr/MEGA-10 mixed systems. In the beginning we consider an equilibrium between the bulk phase (b) and the adsorbed film phase (a) not only at the given temperature (T) and pressure (p) but also at a constant surface tension (g) based on the literature by Aratono et al. 57) . The chemical potential of pure system of surfactant i (i = 1 or 2) in bulk solution phase is expressed as: ( ) where m i corresponds to either molarity or molality as a concentration chosen and the circle of superscript indicates the pure system. The chemical potential of species i in the mixed system is as follows. 57) .
In the paper 29) , we were wrong with respect to defining the standard chemical potentials for both phases, and the relation corresponding to Eq. which was given by mistake as m i =Z i f i G i 0 (G i 0 is the surface excess of pure i) the mass balance in bulk solution gives the following relations for the mixed system of surfactants 1 and 2 when the mole fractions in the mixture and concentrations are denoted as X 1 and X 2 (X 1 + X 2 = 1) and m 1 and m 2 , respectively.
where m t is the total concentration of the surfactants at the given surface tension. Thus, when an equilibrium is attained between the bulk and the adsorbed film phases, the relations are expressed as follows: ( ) Some examples analyzed thermodynamically on the basis of the above equations are described below. 
MEGA-10 mixed systems. The mole fraction of 2 in bulk solution is expressed by using Eq. ,
The concentrations in bulk are the same as those prepared, since the amount forming the film is negligible compared with those in bulk. Equation tells us that if m 1 0 , m 2 0 , f 1 , and f 2 are known, the composition in the film can be estimated. Based on RST, the activity coefficients f 1 and f 2 are given as: ( ) where w A corresponds to the interaction parameter. From analogy with the derivation of Rubingh's equations 11, 38) , we obtained the following equations 29) .
( ) ( ) Equations and simultaneously tell us that if the m 1 0 , m 2 0 and m t at the given g are determined against the net mole fraction X 2 , then the adsorbed film composition Z 1 is given by Eq.
, and w A can be evaluated from Eq. using the Z 2 value. As was done for w R in Eqs. and , and as was pointed out by Moroi 1) , the single parameter was determined by averaging the w A values against each Z 2 value over the entire composition range.
Substituting the data of m t 's and m 1 0 and m 2 0 into Eqs. and , the composition of surfactant 2 (corresponding to MEGA-10) in the adsorbed film phase, Z 2 was calculated as function of the net mole fraction, X 2 . The results are demonstrated in and for the respective mixed systems.
shows phase diagrams indicating the composition of the adsorbed film, in other words, the curves of the phase equilibrium between the adsorbed film and monomeric species. To obtain the m t -Z 2 curve along with simultaneous satisfaction of the relation of m t -X 2 , the w A value was given -3.7 for a-SMy Me/MEGA-10 and -8.3 for a-SMy Pr/MEGA-10 mixed systems. In in Ref. 39 39) , the data in regard to the surface film are summarized together with those of a-SMy Me/MEGA-10 mixed systems 39) . and show that m t -Z MEGA-10 curve differ from m t -X MEGA-10 curve but both mixed systems have similarly an azeotrope point at ca. Z MEGA-10 = 0.5. In the previous paper 29) , we reported abnormally large value of w A (-44) and an azeotropic point at X MEGA-10 = Z MEGA-10 = 0.5, suggesting that a paired from of a-SMy Me with MEGA-10 acts like a unit surfactant. However, it must be noted here .
(a)
that the huge w A value came from ill-considered equations. Examining and for a-SMy Pr/MEGA-10 mixed system, the interaction parameter of the adsorbed film was estimated as w A = -8.3 while that of mixed micelle was w R = -2.0. In regard to w R value both surfactant mixed systems are included within common combinations, since it has been known that the value of micelle formation ranges -1 to -18.5 for almost all combinations of binary mixed surfactant systems (p.188 in Ref. 1) 1) . It is not yet possible to explain why the large absolute value (-8.3) was obtained compared with w A of a-SMy Me/ MEGA-10 and even with w R of the present mixture. Anyway the more surface active MEGA-10 shows a higher density in the adsorbed film than in bulk as well as micelles (compare CMC-Y MEGA-10 curve and m t -Z MEGA-10 curve below X MEGA-10 = 0.5), while at the range above X MEGA-10 = 0.5, instead of MEGA-10, a-SMy Me and a-SMy Pr are denser than MEGA-10. Both curves of m t -Z MEGA-10 curve suggest that pairing of MEGA-10 with a-SMy Me or Pr is favored when the adsorption takes place. The pair formation (like a dimeric unit of MEGA-10 with a-SMy Me ora-SMy Pr) seems to accompany a contraction due to closely contacting. Synergism in enhancement of surface activity as well as CMC appears more prominently for a-SMy Pr/MEGA-10 mixed system than for a-SMy Me/MEGA-10 mixed system. It is interesting to note that the longer side alkyl chain (propyl) leads to the stronger interaction between head groups of a-SMy Pr and MEGA-10 39) . . It is noted that in the case of BAGTB/MEGA-10 mixed system 36) , since MEGA-10 is a nonionic surfactant, the Gibbs adsorption isotherm was presented as:
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( ) The G t values obtained for BAGTB/HTAB mixtures at discrete mole fractions are tabulated in of Ref. 37 37) . The surface excess concentration determined at surface saturation using the Gibbs isotherm (Eq.
or Eq. ) is a useful measure of the effectiveness of the surfactant adsorption, since it is the maximum value which adsorption can attain. The effectiveness of adsorption is an important factor in determining such properties of the surfactant as foaming, wetting, and emulsification, since tightly packed, coherent interfacial films have very different interfacial properties to loosely packed, noncoherent films (p.69 in Ref. 2) 2) . The G t is easily translated into mean surface area occupied by a molecule, A m , by Eq. . The A m value as a function of mixing ratio or mole fractions of X HTAB or Z HTAB can offer us important information concerning the interaction between molecules in the adsorbed film, as will be discussed later.
As has been suggested, in Eqs. and , the determination of m t is indispensable to estimate the values of Z 2 and w A . An example, how to determine m t values is shown in 35) , and in are demonstrated the joint phase diagrams showing m t -X 2 and m t -Z 2 relations for the combinations of a-SMy Pr/FC6-HC4 35) , BAGTB/HTAB and BAGTB/MEGA-10 mixed systems 37) .
The properties of the Gibbs adsorption monolayers.
In this subsection, let us examine the properties of Gibbs adsorption monolayers for a few combinations. . surfactant mixture was evaluated from Eq. 30 for BAGTB/ HTAB and from Eq. for BAGTB/MEGA-10 as are shown in and , respectively. As was previously reported and is shown in frame the total surface excess G t for BAGTB/MEGA-10 has two breaks at X MEGA10 = ca. 0.45 and ca. 0.75. Similar to this, G t for BAGTB/HTAB seems to have two breaks at the same mole fractions. Even if the error margin of the data points is taken into account, the existence of the breaks cannot be neglected as a correspondence was observed as inflection points in CMC-X HTAB and m t -X HTAB curves (not shown here) 37) . Examining the mean molecular (occupation) area, A m , more clearly the breaks are confirmed. In , the A m is plotted as functions of X HTAB (closed circles) and Z HTAB (open circles) for BAGTB/HTAB mixed system and for BAGTB/MEGA-10 mixed system in . Because it is desirable for the behavior of the adsorbed film of a given mixed system to be examined in terms of composition of the film, the A m was plotted against Z HTAB or Z . Looking at A m -Z 2 relations or comparing both mixed systems, two breaks are commonly found. And if the mixing is ideal, the A m -Z 2 relation should be linear as indicated by the dotted line, however, as is seen in , the left and right sides as well show a positive deviation except for the central region. In the central, region the deviation of BAGTB/ HTAB mixed system is in contrast with that of BAGTB/ MEGA-10 mixed system; the former is slightly negative while the latter's positive deviation is comparatively prominent. In the range of X 2 = 0.5 ~ 0.7 (Z 2 = 0.4 ~ 0.6 for the former and Z 2 = 0.2 ~ 0.4 for the latter), interestingly, the mode of the interaction between hydrophilic groups in BAGTB/HTAB mixed system is quite different from that in BAGTB/MEGA-10 mixed system. That is, HTAB seems to be favorable to BAGTB, but MEGA-10 is unfavorable to Retuning to the mixed system of MEGA-10 with a-SMy Me and with a-SMy Pr 39) , let us discuss PMA behavior. The mean surface (occupation) area per molecule, A m can be calculated from Eq. . By the use of surface excess data, was constructed for the respective mixed systems. Both and similarly demonstrate a deep minimum at Z MEGA-10 = ca. 0.5, deviating negatively from the additivity rule (dotted lines). This reflects G -Z MEGA-10 relations shown in and , and also suggests that as the mixing ratio approaches 1:1, the number of MEGA-10/ a-SMy Me or a-SMy Pr mixed systems pairs increases accompanied by contraction due to strong interaction.
Here, from analogy of the partial molar volume of a solute in solution, PMA for each component is evaluated using the following equation 29, 39) . .
(a) (b) Fig. 12 The Mean Surface Area A m Plotted against X HTAB and Z HTAB (a), and against X MEGA-10 and Z MEGA-10 (b) 37) .
( )
Where N 1 plus N 2 molecules form a surface area A t (N 1 A 1 +N 2 A 2 = A t ). It should be noted here that if the mixing was ideal, the PMA should have been liner with Z 2 (the additivity rule). Equation means that A 1 and A 2 are determinable from the respective intercepts on A m -axis at Z 2 =0 and Z 2 =1 under the conditions of constant temperature and volume or pressure, and fixed surface tension. The A m curves obtained from G mix data satisfy the required conditions and allow us to evaluate PMA of the respective components as a function Z 2 . A tangential line drawn at any given point on the A m -Z 2 curve gives two intercepts on the A m -axes; the respective intercepts themselves are A 1 and A 2 (See and ). Further, the PMA is plotted against Z MEGA-10 for each component of the two mixed systems (See and ). In both mixed systems, the Z MEGA-10 approaches 0.5, the PMA-Z MEGA-10 curves demonstrate that as surfactant as major component (more than 50% content) slightly increase and via maximum suddenly decrease. The PMA curves of the two surfactants in the respective mixed systems intersect the other's at Z MEGA-10 = 0.5, meaning that PMA attains the same as that of the other. Interestingly, the minor component in any case has a less PMA. Accompanied by pairing, the respective two surfactants' PMAs in both mixed systems decrease due to a strong interaction, in particular the molecule of the minor component shrinks more than that of the major one. Comparing the two mixed systems ( and ), the difference of the esterified alcohol, i.e., either methyl or propyl, is reflected, but it may be said that a-SMy Me and a-SMy Pr behave somewhat similarly against MEGA-10.
Interesting results on PMA behavior have been observed even for BAGTB/HTAB and for BAGTB/MEGA-10 mixed systems as are shown in
. Both frames clearly demonstrate that there exist two breaks, although the mole fraction giving the breaks differs between the two mixed systems; in (a) Z 2 = ca. 0.35 and ca. 0.65, while in (b) Z 2 = ca. 0.18 and ca.0.45. As Z 2 approaches absolute zero, HTAB as well as MEGA-10 show an extraordinarily great value of PMA, but this very rapidly decreases in the range below Z 2 = ca. 0.2 while BAGTB dose little change. In both frames the dotted lines indicate the respective PMA values when the mixing is ideal and accordingly the additivity rule can hold. Both frames show that in the range above Z 2 = 0.5 HTAB as well as MEGA-10 does not show any marked change in PMA, while BAGTB at limiting mole fraction (Z 1 = 0) has an expanded PMA and decreases rapidly (in ) or slowly (in ) with increased mole fraction of BAGTB (See the right hand side of each frame). This means that the marked expansion of A m in the higher Z 2 range comes only from the expanded PMA of BAGTB, especially in the case of the BAGTB/MEGA-10 mixed system. In regard to Z 2 dependence the details cannot be further interpreted, however, it may be concluded that the relation of PMA also can be divided into three regions, viz. (i) the BAGTB-major region, (ii) the HTAB-or MEGA-10-major region and (iii) the middle region, as has been demonstrated in different aspects. In connection with the composition dependence of a mixed system of a Gemini type surfactant with an ionic one there have been interesting studies reported 37) . Next, it may be informative to introduce here a study of bile salts mixed system in aqueous solution at pH 10 60) by comparing with their mixed monolayer on concentrated NaCl solution at pH 1 62) . Micelle and adsorbed film formations were investigated for the mixed system of sodium chenodeoxycholate (NaCDC) with its epimer sodium ursodeoxycholate (NaUDC) in a Kolthoff buffer solution at pH 10 and 30 by surface tension measurements (the drop volume method). The CMC and the surface excess (G) were determined, and the mean molecular (surface occupation) area (MMA, or A m ) was also calculated as a function of mole fraction of NaUDC (X UDC ). In are shown the plots of G and A m against X UDC . The CMC of mixed systems was found to deviate positively from ideal mixing, in contrast, the MMA negatively deviated from the additivity rule, suggesting that the interaction between NaCDC and NaUDC in micelle formation is relatively weak, while in the adsorbed film formation the dimerization of NaCDC with NaUDC preferentially takes place accompanied by enhanced interaction between them. (Fig. 5) as Functions of X 2 and Z 2 ; Two breaks (discontinuities) creating three regions are clearly demonstrated for both mixed systems 37) .
MMA (A m ) vs. X UDC , dimer existence fraction (g) was calculated; and from the data of g the composition of NaUDC in the adsorbed film (Z UDC ) was estimated. The PMA in the film was evaluated for NaCDC (A UDC ) as a function of mole fraction of mole fraction (Z UDC ). The results were discussed by comparing with those observed from their mixed monolayer formed on concentrated NaCl solution at pH 1 60) . The surface excess and MMA are jointly presented in 60) in which the G curve shows a maximum, while A m curve has a minimum at the composition of 1:1 (X UDC = 0.5), and the curvature are different between above and below 0.5 60) . On the other hand, was obtained from the monolayer study 59) , illustrating a 2-D phase diagram in which with increased surface pressure the 2-D phase (monolayer film) changes from expanded film to bulk (solid) phase at collapse pressure depending on mole fraction in the mixture.
By re-plotting A m data against Z UDC , was constructed. A tangential line was drawn at each Z UDC value corresponding to each X UDC and its intercepts on ordinates of both ends were read. Including the use of interpolated MMA values, the PMA values, A CDC and A UDC are plotted against X UDC as shown in . tells us that in the range below X UDC = 0.5, PMA of NaCDC slightly increases with increased X UDC , but PMA of NaUDC which is the minor content in this region is very small; PMA of NaUDC increases from negative region with decreasing X UDC (with increasing X CDC ), or comparing the curve for NaCDC with that for NaUDC, the dimerization is judged to accompany a striking decrease in PMA of NaUDC. On the other hand, in the region above
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J. Oleo Sci. 57, (2) 61-92 (2008) Fig. 16 The Surface Excess, G, Determined for NaCDC/NaUDC Mixed System by the Gibbs Absorption Isotherm and the Mean Molecular (surface occupation) Area, A m 60) . . The thick broken line following the measured points suggests that the property of the mixed monolayer is different between the ranges below and adove X UDC = 0.5 60) . .
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X UDC = 0.5, PMA of NaUDC (major component) is less than of pure NaUDC, but the PMA of NaCDC (the minor component) is markedly less than the major's; especially at very low mole fraction of NaCDC. Its PMA ranges 0 to -5 nm 2 molecule -1 , indicating that the addition of NaCDC to NaUDC very effectively results in closed contacting between them. In this situation the interaction between NaCDC and NaUDC must be enhanced, thus the dimerization easily takes place in the adsorbed film.
It is noteworthy that in the both regions below and above X UDC = 0.5, in common, the minority makes its PMA reduce with increasing X UDC , while the majority makes PMA increase with X UDC , and that a wide gap of PMA is seen at X UDC = 0.5 for each. The marked gap suggests that the film properties are quite different from each other depending on which component is majority. The gapping phenomenon may have come from the difference of phase property in the monolayer 63) (See ). Thus, even in the monolayer film of NaCDC-NaUDC mixed system a slight negative deviation from the additivity rule was found in the relation of MMA -X UDC at least as for the limiting surface area (See in Ref . 62) 62)
(C) The minimum surface Gibbs energy (G min (S) ) and CMC/ C 20 : Examples of BAGTB/HTAB and BAGTB/ MEGA-10 mixtures As was briefly introduced in Section 3.1.1 we have proposed a thermodynamic quantity for evaluation of synergism in mixing, that is, the free energy of a given surface at equilibrium, G min (S) . The extent of lowering the free energy may be a measure for evaluation of synergism in mixed surfactant systems. In the G min (S) value of the BAGTB pure system is connected with that of the HTAB (a) or MEGA-10 (b) pure system by a dotted straight line referring to the additivity rule for ideal mixing. The G min (S) values are given by open circles 37) . The extent of deviation from the linear relation and the pattern of mole fraction and dependence (divided into three) are evidently recognizable for both mixed systems. Interestingly, in the range of X 2 = 0.5 to 0.7 the deviation of BAGTB/HTAB mixed system is small (0 or slightly positive), in contrast to this, the positive deviation of BAGTB/ MEGA-10 mixed system is conspicuous. This contrast suggests that the interaction between head groups between HTAB and BAGTB is favorable for cooperatively reducing the surface tension but the interaction between MEGA-10 and BAGTB head groups is not so(favorable. Anyway, the extent of the deviation in G min (S) from the additivity rule may be regarded as one of the measures for evaluating the synergism with respect to surface activity 37) .
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Fig. 19
The Partial Molecular Area(PMA) in the Adsorbed Film, Determined from the Curve of MMA vs Z UDC (Fig. 18) for NaCDC ( A CDC ) and NaUDC ( A UDC ) as a Function of X UDC 60) .
In order to evaluate a synergistic effect on surface activity resulting from the mixing of surfactants 1 and 2, if an excess amount of the minimum surface energy DG min (ex) (S) is considered for the mixed system, it may be defined as the following equation, meaning that DG min (ex) (S) at mole fraction X 2 is the difference of the real value DG min (at X 2 ) (S) less the ideal one, satisfying the additivity rule of ideal mixing. -X 2 will directly reflect a synergistic effect (not shown here). Recently we have reported the excess minimum surface Gibbs free energies for the combination of CHAPS with a bile salt (sodium glycocholate, NaGC), in which using not X 2 but Z 2 we have developed thermodynamically analyzing equations and interpretation for the excess free energy based on RST in terms of interaction parameter w ex and activity coefficients 62) . It is shown that adopting Z 2 is judged to be more reasonable instead of X 2 in Eq. .
Further, in and , the data points of CMC/ C 20 are also plotted by closed circles. As has been reported previously 35) and showing again in the frame , the CMC/ C 20 -X 2 relation has two breaks corresponding to the other properties already seen in and . In the BAGTB/ HTAB mixed system too, the situation is similar to BAGTB/MEGA-10 mixed system in regard to the discontinuity and parallelism of G min (S) with CMC/C 20 . Finally, G t and CMC/C 20 are markedly different between the two surfactants, while g CMC is nearly equal. The surface pressure P CMC or the g CMC values of surfactants reflect their CMC/C 20 ratio and G t as the following equation (p.217 in Ref. 2 (a) , 29, 30) 2a, 29, 30) .
( ) where, g 0 denotes the surface tension of pure solvent. As described above, the CMC/C 20 ratio is a measure of the tendency to form micelles relative to the tendency to adsorb at the air/water interface. Eq. shows us that the g CMC value involves both the CMC/C 20 ratio and A m (or G t ) values. For applying this equation to the present single systems, the n value must be 3 for BAGTB and 2 for HTAB (see Eqs. and ) . From the data in , almost the same P C M C value (P C M C /mNm -1 = 20 + 7.94RT) was obtained for both surfactants. This result suggests that in regard to P CMC (or g CMC ) the number of ions n (whose surface concentration changes with change in the liquidphase concentration of the surfactant) also acts effectively in reducing the surface tension of a solvent. Such a binary mixed surfactant system as the present mixture having almost the same g CMC values may lead to a poor synergism.
In conclusion, the CMC-X 2 relation of the BAGTB/ HTAB mixed system is neither regular (monotonous) nor markedly deviated from ideal mixing. In this regard, that of the BAGTB/MEGA-10 mixed system gave an apparently regular but to some extent more negatively deviated curve. As for the adsorbed film formation, similar to the BAGTB/ MEGA-10 mixed system, the combination of BAGTB and HTAB resulted in a marked dependence on the mixing ratio of the binary surfactant system, viz., G t , A m , PMA, G min (S) and CMC/C 20 as a function of X HTAB or Z HTAB have two breaks (discontinuities). When the mixing ratio of BAGTB: HTAB or MEGA-10 is 1~2:9~8 or 9~8:1~2, in other words when one is a notably major component and the other is a minority, the two dimensional packing of binary components is evidently different from intermediate mixtures. It is noted that in the intermediate mixtures remarkably negative synergism was observed for the BAGTB/MEGA-10 mixed system.
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CHAPS/MEGA-n's mixed systems
An overview of studies on the mixing (blending) effects on micellization and surface activity for the mixtures of CHAPS with MEGA-n's in pH 7.2 phosphate buffer solution (pH 7.2, PBS) is presented here. The present subsection describes that marked synergistic phenomena in surface activity as well as in micellization were found for three combinations of a zwitterionic surfactant CHAPS (a derivative of cholic acid) with MEGA-n's by means of surface tension measurements (Wilhelmy method) 40) . It is noted, here, that CHAPS is one of special surfactants such as well known Triton X-100 (polyoxyethylene glycol (2, 3) pt-octylphenol), Brij35 (polyoxyethylene 8 lauryl ether), MEGA-8, -9, -10 and NTM (n-nonyl-b-D-thiomaltoside) in addition to naturally occurring surfactants sodium salts of cholic and deoxycholic acids, all of which have been effectively used as membrane proteins solubilizers by proteinrelated biochemists. CHAPS combines the useful properties of both the sulfobetaine-type surfactants and the bile salt anions 63) . One can overview how these solubilizers are being used, e.g., from a recent article on "Stability and solubility of integral proteins from photosynthetic bacteria solubilized in different detergents" 64) or from a report of study on "Both raft-and non-raft proteins associate with CHAPS-insoluble complexes" 65) .
(a) Mixed micelle formation
The CMC becomes higher in the order MEGA-10 (4.12 mM), CHAPS (4.30 mM), MEGA-9 (17.1 mM) and MEGA-8 (54.8 mM). On the other hand in regard to surface tension at CMC, CHAPS is the highest (g CMC = 45.7 mNm . It is noted that although MEGA-n's exhibit to a slight extent the chain length effect on g CMC , in contrast, the CMC was found to markedly decrease with increased carbon atoms number of hydrophobic chain of MEGA-n's. In addition, it is noteworthy for the surface tension data points of CHAPS above as well as below CMC to be widely scattered, suggesting that adsorption of CHAPS is not stabilized but influenced greatly by a slight change of surroundings. The curve for CHAPS was obtained from several times repeated measurements. Generally speaking, CHAPS has led to the CMC values of the present mixed systems having a wider error margin than those obtained previously for SDS/MEGA-n's mixed systems 38) . MEGA-8 seems to contain more impurities than MEGA-9 and -10. Accordingly, the various data shown below for the present mixed systems, especially for CHAPS/MEGA-8 mixed system, are somewhat lower in accuracy than the other ones introduced in this article.
Examining the CMC-Y 2 curves simulated from the resultant CMC-X 2 relations (using Eqs. and ), all of the mixed systems show a negative deviation from ideal mixing, producing the averaged w R values of -2.3 for CHAPS/MEGA-8 mixed system, -1.7 for CHAPS/MEGA-9 mixed system and -1.1 for CHAPS/MEGA-10 mixed system 40) . Compared with SDS/MEGA-n's mixed systems (in the order of SDS/ MEGA-8, -9 and -10 mixed systems, -2.7, -3.1 and -3.6, respectively) the respective absolute values are smaller and interestingly, the increasing order is in quite contrast to that of SDS/MEGA-n's mixed systems. And it is noteworthy that CHAPS/MEGA-8 mixed system shows a greater nonideality or synergism than CHAPS/MEGA-10 mixed system. Anyway, the obtained values show us that the order in the absolute value is strictly in contrast with the order of hydrocarbon chain length and the greatness of the values seems to reflect the extent of synergistic enhancement of micelle formation 40) . Attention should be paid to azeotropic phenomena caused by a strong attractive interaction and to the fact that the azeotropic point shifts toward the higher X 2 as the chain length increases and the interaction extent becomes greater; the azeotropic point is likely to exist at X 2 = ca 0.15 for CHAPS/MEGA-8 mixed system, X 2 = ca. 0.2 for CHAPS/MEGA-9 mixed system and X 2 = ca. 0.5 for CHAPS/MEGA-10 mixed system. Different from the present results, azeotropic points (Azp) were very clearly found for SDS/MEGA-n's mixed systems (at X 2 = 0.25 for SDS/MEGA-8 mixed system, at X 2 = 0.33 for SDS/MEGA-9 mixed system and at X 2 = 0.50 for SDS/MEGA-10 mixed system) 38) . In addition, such an azeotropic phenomenon as seen here has been observed even for mixtures of MEGA-8, -9 and -10 with perfluorooctanoate (SPFO) 15, 17, 42, 43) , although a kind of mutual phobicity acts between hydrocarbon and fluorocarbon chains 42, 49) , indicating that the interaction between head groups plays a great role for mixed micelle formation 54, 55) . In connection to the above, let us pay attention to a different combination for comparison. Tsubone and Tajima have studied the aqueous properties of mixed systems of an anionic Gemini surfactant ((CH 2 ) 2 [NCO(C 11 H 23 )C 2 H 4 CO 2 -Na), abbreviated as 212) and a conventional anionic surfactant (C 11 H 23 CO 2 Na, soap) in terms of mixed CMC, foam volume and degree of micelle ionization 66) , and solubilization of Orange OT by the same surfactant mixture 67) . In these studies they found various interesting behaviors as a function of mole fraction of soap in the mixture, e.g. (i) positive and negative deviations from ideal mixing in regard to micelle formation were found below and above X soap = 0.6, (ii) minimum surface tension (g CMC ) and maximum foam volume are attained at X soap = 0.6 and (iii) in solubilization capacity a break at X soap = 0.6 (possible another break at X soap = 0.1) and a minimum at X soap = 0.9 were found 67) . They reached a conclusion that the mixture of the anionic surfactants, 212 and soap, forms 2:1 complexes over a broad region of composition during micellization. Similar behavior might be true for the present BAGTB/HTAB mixed systems in connection with micellization 36) .
(b) Mixed film formation
As for the adsorption behavior of CHAPS/MEGA-n's mixed systems, the phase diagram of m t vs. adsorbed film composition (Z 2 ) equilibrated with bulk phase composition (X 2 ), where m t was determined at g = 45.7 mN m -1 ( in Ref. 40) 40) . In both mixed systems of SPFO/MEGA-8 and SPFO/MEGA-9 mixed systems demonstrated an existence of Azp. Interestingly, CHAPS/MEGA-10 mixed system did not show Azp at around X 2 = 0.5 but both curves seem to be in contact with each other X 2 = ca. 0.85. This contacting point is likely to be Azp. The difference in the curve shape among the diagrams, is considered to directly come from the great difference in the respective m t values of single MEGA-n's: m t = 15.5 mM for MEGA-8, m t = 0.48 mM for MEGA-9 and m t = 0.12 mM for MEGA-10. The difference in m t value is needless to say a reflection from the extent of hydrophobicity or surface activity 40) . As has been shown before, all the combinations of SDS/MEGA-n's mixed systems clearly demonstrated the existence of Azp, found at (a) X 2 = 0.38 for MEGA-8, (b) X 2 = 0.48 and (c) X 2 = 0.55 38) . Similar to these three combinations, azeotropic points have been found at around X 2 = 0.5 for different mixed systems with MEGA-n's, such as a-SMy Me/MEGA-10 and a-SMy Pr/MEGA-10 3 9 ) and SPFO/ MEGA-8, -9 and -10 mixed systems 17) . The disappearance of Azp found at X 2 = ca. 0.5 for CHAPS/MEGA-10 mixed system may also be ascribed to the weaker interaction between hydrophilic groups caused with the mixed systems mentioned above.
The resultant m t and Z 2 values are listed in . Again note that each frame of is a phase diagram
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indicating the composition (Z 2 ) of the adsorbed film phase equilibrated with that of the bulk phase (X 2 ). The X 2 and Z 2 values along with the interaction parameter, w A , and activity coefficients f 1 and f 2 (1 corresponds to CHAPS and 2 to MEGA-n's) are listed in as a function of X 2 . The obtained m t -Z 2 curve as well as the m t -X 2 curve shows a markedly negative deviation and correspondingly, the curve results in a large negative value of w A for all the mixed systems. In addition, the absolute values of the negative w A are greater than those of micelles ( w A w R ); this situation is similar to that of various mixed systems of MEGA-n's 29, [35] [36] [37] [38] [39] 43) . The increasing order of the absolute values (w A ) is in parallel with the order of hydrophobicity or hydrocarbon chain length: w A = -5.0 for CHAPS/MEGA-8 mixed system, w A = -2.2 for CHAPS/MEGA-9 mixed system and w A = -1.5 for CHAPS/MEGA-10 mixed system (It may be of interest to compare these results with those of SDS/MEGA-n's mixed systems: -4.2 for SDS/MEGA-8 mixed system, -4.4 for SDS/MEGA-9 mixed system and -4.5 for SDS/MEGA-10 mixed system.) 38) . 3.5.2 Mixed system of CHAPS with a bile salt, sodium glycocholate (NaGC) In the study on micellization and adsorbed film formation of the mixed surfactant system of a membrane protein solubilizer CHAPS (Component 1) with a bile salt NaGC (Component 2), thermodynamic analyses were made in regard to "blending effect" or synergism upon mixing in surface activity as well as in micelle forming ability 62) . Application of the Rubingh's equations enabled us to estimate the micellar composition (Y 2 ) equilibrated with singly dispersed component 2 (X 2 ) together with the interaction parameter (w R ), and our equations derived on the basis of RST also allowed us to calculate the composition in adsorbed film composed of CHAPS and NaGC (Z 2 ) with the interaction parameter (w A ) in connection with X 2 . Both the curves of CMC-X 2 as well as CMC-Y 2 and those of m t -X 2 as well as m t -Z 2 have demonstrated a negative deviation from ideal mixing accompanied by negative values of w R and w A , suggesting that synergism upon blending was observed both in mixed micelle formation and mixed adsorbed film formation. However, interestingly, little synergism was found in surface tension reduction efficiency; this may be ascribed to the very low surface activity of NaGC by nature coming from NaGC's molecular structure.
In order to collect more informative data, we have developed thermodynamic studies on mixed surfactant systems by introducing "excess surface Gibbs energy", DG (s) ex , as a function of Z 2 together with the interaction parameter, w ex , and by applying PMA analysis. The present newly developed thermodynamic analyses also could lead us to penetrate into the intermolecular interaction in the mixed 2-D phase. Comparing the extent of synergistic enhancement in surface activity and micellization among three binary mixtures, it is in order: CHAPS/MEGA-n's > CHAPS/ NaGC > NaCDC/NaUDC, and the properties expected for CHAPS/NaGC mixed system as a membrane protein solubilizer are judged to be sufficient. 3.5. 2) , the efficiency of surface tension reduction by a surfactant has been defined as the solution phase surfactant concentration required to produce a given surface tension. Synergism in this respect is present in an aqueous system containing two surfactants when a given surface tension can be attained at a total mixed surfactant concentration lower than that required of either surfactant singularly. From the relation upon which Eqs. and are based and from the definition of synergism, it has been shown mathematically, that (i) w A must be negative, and (ii) | w A | must be greater than | ln m t (1) 0 /m t(2) 0 |. Further, one of the conditions for synergism in surface tension reduction effectiveness to occur is : (iii) w A -w R must be negative (another condition is given (p.409 in Ref. 2) 2) , but is not introduced here). Based on these synergism conditions, the data of surface tension measurements were examined in terms of "efficiency" and "effectiveness".
lists the results for various combinations not only of CHAPS with MEGA-n's as well as of SDS with MEGA-n's but also other surfactant mixtures for comparison. All the values in the table are based on our previous surface tension studies of binary surfactant mixed systems: a-SMy Me/MEGA-10 mixed system 29) , aSMy iPr/MEGA-10 mixed system 39) , SPFO/MEGA-9 mixed system 17, 43) , NaDC/MEGA-10 mixed system at pH = 10 in borate buffer solution at 30 26) , BAGTB/MEGA-10 mixed system 36) and in addition, a-SMy iPr/a hybrid surfactant FC6-HC4 mixed system 35) and BAGTB/HTAB mixed system 35) . In the table, "yes" or "no" denotes whether the conditions for synergism are satisfied or not, respectively. From the table it can be seen that the mixed systems of MEGA-9 or MEGA-10 with surfactants having a single alkyl chain, such as SDS, a-SMy Me and a-SMy iPr and even SPFO which has a phobicity against hydrocarbon, show a marked synergism. Even the hybrid surfactant FC6-HC4 having a fluorocarbon chain revealed to some appreciable extent a positive synergism; this also suggests that the interaction between head groups or steric fitness of different groups also contributes to the display of synergism 54, 55) . It should be noted, here, that a bile salt whose hydrophobicity comes from b-side surface of its steroid skeleton, sodium deoxycholate, NaDC and MEGA-9 do form micelles of positive w R although they form an adsorbed film of negative w A , but this combination, in total, shows little effectiveness as well as efficiency in regard to surface tension reduction. Similar to this combination, neither combination of BAGTB which has a bulky hydrophobic moiety with MEGA-10 nor that of BAGTB with HTAB displayed appreciable synergism: the former is poor in effectiveness and the latter is weak in efficiency. Interestingly, these combinations being poor in synergism did not show characteristic minima around CMC in the plot of g -ln m t . Investigating the previous studies on mixed systems of conventional single chain surfactants with Gemini-type surfactants like BAGTB [30] [31] [32] [33] , we have suggested a general conclusion that synergism in micelle formation as well as surface activity depends on the combination of both interactions between hydrophobic groups and between hydrophilic groups, resulting from a favorable packing of different molecules with each other 14, 43, 48) . In conclusion of this subsection, the three mixed systems of SDS with MEGA-8, -9 and -10 were found to show remarkable synergism in micelle formation as well as adsorbed film formation. However, when compared with the three of SDS/MEGA-n's mixed systems, the extent of synergism for CHAPS/MEGA-n's mixed systems is less than that for SDS/MEGA-n's mixed systems. Analyses of CMC-X 2 curve and m t -X 2 curve on the basis of RST show us that between bulk composition (X 2 ) and micellar composition (Y 2 ) and between X 2 and adsorbed film composition (Z 2 ), an azeotropic point exists in both relations for the three mixed systems. Including the surface tension data of mixed surfactant systems reported previously, it was found that MEGA-n series surfactants can, in general, synergistically enhance surface activity and micelle forming ability by mixing with conventional surfactants, suggesting that their head group-N-methyl glucamide can interact with any type of head groups; i.e. nonionic, anionic and cationic ones. In the present mixed systems, 10 -20% addition of MEGA-n's to CHAPS can lead to the most effective synergism in regard to CMC lowering as well as surface tension reduction 40) . At the conclusion, this review of the recent studies on the binary mixed surfactant systems has treated with thermodynamic concepts (i) how to derive theoretical equations for analyzing the experimental data obtained mainly by means of surface tension measurements, (ii) how to apply the theoretical equations to the measured data and (iii) how to interpret the analyzed results. The contents are mainly composed of previous papers which have been reported on the basis of the precise experimental data obtained by students of undergraduate and/or graduate school at our laboratories in Fukuoka University, Japan and in Mokpo National University, Korea. Of these analyzed data, PMA behavior and minimum surface Gibbs energy (G min (S) ) have been emphasized. In future, the analysis of the excess surface Gibbs energy as a function of Z 2 will be further developed.
